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September 18, 2003 

Theva Diiimschichttechnik GmbH T38568US HS/Wg/aj 



Method for the manufacture of a high temperature superconducting layer 
1. Technical field 

The present invention relates to a method for the manufacture of a superconduc- 
tor. 



2. The prior art 

Thin fihns of high temperature superconductors (HTS) are used for appHcations in 
10 power technology. The disappearance of the electric resistance below the transi- 
tion temperature Tc allows an increase of the efficiency of various devices for 
storing, transforming or the transport of electric energy. 

In an ideal situation the HTS-thin layer is deposited on a thin metal tape of a great 
15 length (HTS tape conductor). Such an HTS tape conductor can replace copper 
conductors in established applications which are loaded with high currents. These 
high currents lead to heavy ohmic losses in the copper. Using superconductors 
these losses can be avoided. 

20 M addition, applications can be improved wherein ahready nowadays the copper is 
replaced by conventional superconductors. The HTS allow a substantially higher 
operating temperature and resists higher magnetic fields. The resulting reduction 
of the efforts for cooling increases the efficiency. Furthermore, there are applica- 
tions wherein the substrate should not be electrically conductive. In these cases 

25 other substrates such as ceramics can be used instead of the metal tape. 

For technical applications the abiUty of the superconductor to carry current is of 
particular interest. This is measured by the critical current density jc, defined as 
the current per cross-section of a conductor which creates an electric field of 
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l^V/cm in the superconductor. The critical current density jc is commonly indi- 
cated at a temperature of 77.4 K (boiling temperature of liquid nitrogen). 

The typically used superconducting material is nowadays YBa2Cu307 (YBCO) 
5 having a transition temperature shortly above 92 K and critical current densities of 
several MA/cm^ Alternatively, also homologous RBazCuaOr-compounds are 
used. In the following R represents yttrium, an element of the group of rare-earth 
elements (atomic number 57-71) or mixtures of two or more of these elements. 
Exceptions in the series of rare-earth elements are the elements Cer (Ce) and pra- 
10 seodym (Pr). Since Ce is typically tetravalent in components, there are no Ce- 
components homologous to YBCO. PrBazCuaO? exists, however, it is only super- 
conducting, if extremely pure Pr-materials and if particular manufacturing condi- 
tions are used. As explained in the publication of Z. Zou et al. in Phys. Rev. Lett. 
80, page 1074-1077 (1998) a superconduction was even in this case only observed 
15 in parts of the sample. In most cases akeady minor impurities make PrBajCuaO? 
semiconducting and not superconducting. 

Among the RBaiCusO? components which are superconductant only components 
which are present as a single crystalline ordered layer (epitaxial layer) show a 
20 high capability to carry current. For manufacturing highly-ordered epitaxial layers 
either a textured substrate is needed (single crystal or metal foil having a texture 
by rolling) or a textured buffer layer on non-textured substrates (for example ce- 
ramics, foils of stainless steel). 

25 For the manufacture of such RBazCuaOT-thm layers there are several estabUshed 
methods which are for example discussed in the publication of H. Kinder et al. 
Physica C 282-287, page 107 (1997) and the publication of J. Geerk et al. in IEEE 
Trans. On Appl. Supercond. 11 No. 1, page 3856-3858 (2001) and in the DE 39 
14 476, wherein it can be distinguished between in situ and ex situ deposition 

30 methods: 
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In situ methods relate predominantly to methods of physical deposition or so- 
called chemical vapor deposition (CVD) wherein the components of a supercon- 
ductor are deposited in vacuum under suitable conditions onto a heated substrate. 
When the components reach the substrate they directly react and form the desired 
crystal lattice structure, wherein the crystalline orientation of the substrate is taken 
over (epitaxy). For the formation of coatings of the best quality having a high ca- 
pability to carry current (> 1 MA/cm') with a growth is performed at compara- 
tively low rates of less than 1 nm/s. If the deposition rate is increased to several 
nm/s, the critical current density of the fihn is reduced, in particular on the non- 
perfect substrates such as metal tapes or polycrystalline ceramic substrates with 
artificially oriented buffer layers. These leads to comparatively long deposition 



times. 



In the ex situ methods an amorphous precursor is at first deposited by means of 
15 chemical, physical or mechanical deposition methods. This precursor comprises 
all essential metalUc components of the superconductor. However, it does not 
have a crystalline order and is therefore not a superconductor. The transformation 
occurs typically by the application of temperatures beyond 600°C in a suitable gas 
mixture which supports the phase transformation and which adjusts the necessary 
20 oxygen content. Crystallization starts in an ideal situation close to the boundary to 
the crystalline substrate. Under suitable process conditions the crystallization firont 
can run with a comparatively high velocity > 1 nm/s through the precursor mate- 
rial to the surface, until it is used up. However, in case of a high transition veloc- 
ity also here substantial decreases of the critical capability to carry current is ob- 
25 served. Also in this case the process parameters such as the temperature and the 
oxygen pressure are selected such that the transition velocity is slow enough to 
allow a growth of high quality layers with a high current density. Thus, also in 
this case considerable time is necessary for the overall manufacture of the layer. 



In order to overcome these difficulties and for the manufacture of high quality 
RBa2Cu307-layers, multilayer systems were akeady described in the literature 
which help to improve the growth of the HTS - functional layer. For example in 
the US 5,712,227 it is described how the quality of a BiSrCaCuO-layer can be 
improved on a MgO-substrate without a well-adapted lattice structure using an 
intermediate layer of YBCO. 

In the case of a further problematic substrate material 0!-Al203 (sapphire) which 
causes problems concerning the diffusion of aluminum into the superconductor, 
an La2.xSrxCu04-intermediate layer was suggested in the US 5,162,294 for im- 
proving the HTS-layer. On dielectric substrates also thin superconducting buffer 
layers were described, in particular from RBa2Cu307, which helped to improve 
the growth of a subsequent further XBa2Cu307-layer (wherein R and X are rare- 
earth elements or Y or mixtures of two of two or more of these elements), cf the 
disclosure of the WO 00/16412 and the JP 01063212. 

However, in both cases a low deposition rate (0,0667 nm/s) is preferably used for 
the two-layer structure or a method having inherently a low deposition rate (sput- 
tering, molecular beam epitaxy (MBE)). The improvement of the HTS-quality is 
therefore mainly based on an improvement of the chemical compatibility of the 
HTS-layer and the substrate. In particular, the deposition of the intermediate layer 
is in all cases performed with similar growth rates as the actual functional layer. 
This leads also here to correspondingly long manufacturing times. 

Also for the growth of single crystals from the melt RBazCusOv-seed layers on a 
dielectric substrate were akeady described, cf the US 5,869,431. The growth of 
single crystals, however, occurs in contrast to the deposition of a layer close to 
thermodynamic equilibrium. The growth of the RBa2Cu307-layer is selected such 
that its melting temperature is above of the XBa2Cu307-crystal so that the seed 
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layer is maintained during dipping into the melt and the seed layer can serve as a 
starting point for crystallization. 

As explained, all of the above described methods require a considerable amount 
5 of time. The coating of long metal substrates, however, can only be economically 
performed usmg a high volume growth rate. The present invention is therefore 
based on the problem to provide a method allowing a fast growth of an HTS- 
conductor without simultaneously reducing the quaUty of the layer and its current 
density. 

10 

3. Summary of the invention 

The present invention relates to a method for the manufacture of a high tempera- 
ture superconductor on a substrate with the steps of depositing an RBa2Cu307- 

15 layer onto the substrate with a low growth rate, wherein R represents yttrium, an 
element of the group of rare-earth elements (atomic number 57-71) or mixtures of 
two or more of these elements, and flie deposition of an XBa2Cu307-layer on the 
RBaiCusOr-layer with a high growth rate, wherein X represents yttrium, an ele- 
ment of the group of rare-earth elements (atomic number 57-71) or mixtures of 

20 two or more of these elements. 

The invention is based on the recognition that even high quality crystal growth 
can occur very rapidly, if the substrate onto which subsequent layers are deposited 
has a very similar chemistry and crystallography to the deposited fihn. hi an ideal 

25 case it is the same material; such a case is called homoepitaxy; heteroepitaxy, on 
the contrary, is a case wherein the chemistry and the crystallography of the sub- 
strate and the deposited material are different. The difference in the chemical po- 
tentials and the surface energies (surface tension) determine the growth mode and 
may cause island growth or layer growth. The more similar the chemical poten- 

30 tials and the surface energies, the easier and faster will the atoms at the growth 
boundary adhere to the ahready existing crystalline surface. 



If excessive growth rates are used in case of heteroepitaxy, there is no sufficient 
time for the deposited atoms at the substrate boundary for an ordered arrange- 
ment. Defects of the structure of the crystal are created, which will not heal even 
under further growth in thickness and which will impair the overall quality of the 
layer. According to the invention, these defects are avoided by depositing at first 
an RBa2Cu307-layer with a low growth rate which serves preferably as a kind of 
seed layer for the subsequent XBazCuaOv-layer which is deposited with a high 
growth rate and which presents the actual functional layer of the high temperature 
superconductor. 

The low growth rate is preferably < 1 nm/s and the high growth rate is preferably 
> 1 nm/s, preferably > 2 nm/s. The RBa2Cu307-layer, therefore, grows sufficiently 
slow for an ordered deposition. Due to the chemical similarity to the first 
RBa2Cu307-seed layer, which is arranged below, the subsequent XBa2Cu307-layer 
can be deposited with a higher growth rate to increase the overall productivity in 
the manufacture of the HTS-layer. 

The RBajCuaOT-layer has preferably a maximum thickness of 500 nm, particu- 
larly preferably 100 nm and is preferably at least 5 nm thick. The XBa2Cu307- 
layer has preferably a thickness of > Ijim. 

Preferably, the RBa2Cu307-layer is deposited onto an at least biaxially textured 
substrate or a substrate having an at least biaxially textured buffer layer. This in- 
duces the required crystallographic order in the RBa2Cu307-layer. 

According to a fixrther embodiment, the XBa2Cu307-layer is deposited as a pre- 
cursor layer comprising the metal components of the high temperature supercon- 
ducting layer. This precursor layer is preferably transformed by a temperature 
treatment into a superconducting XBa2Cu307-layer in a fiuther method step with a 
high transformation rate. Also in this alternative embodiment the RBajCuaO,- 
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layer of the invention, which is at first deposited with a low growth rate, assures 
that the subsequent fast transformation of the precursor layer arranged on the 
RBa2Cu307-layer leads to an XBazCuaOr-layer of sufficient quality, which allows 
to obtain very high critical current densities. The transformation rate is preferably 
> 2 mn/s. It is particularly preferred, if R is a rare-earth element having a great ion 
radius (La, Pr, Nd, Sm, Eu, Gd) or compounds which comprise these elements to 
at least 50% in mixtures with other rare earth elements, since layers fi-om these 
materials have the tendency of a good growth on top of substrate defects and can 
compensate such defects. 

4. Short description of the drawings 

In the following presently preferred embodiments of the invention are described 
in detail making reference to the following figures, which show: 

15 Fig. 1: Schematic representation of the sequence of layers of an HTS-layer sys- 
tem, produced with a fu-st embodiment of the method according to the in- 
vention; and 

Fig. 2: Schematic representation of the layer sequence of a HTS-layer system 
20 produced with a second embodiment of the method according to the in- 

vention. 
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5. Detailed description of the invention 

The growth of single crystalline layers fix>m a soUd phase (precursor) or directly 
fi-om the gas phase occurs far fi-om thermodynamical equilibrium. The higher the 
growth velocity the greater the distance from equilibrium. The difficulties related 
to this non-equilibrium state for the fast manufacture of ordered HTS layers for 
high current densities are overcome with the embodiments of the method accord- 
ing to the invention, as described in the following. 



The growth of HTS-layers with a high rate and high critical current densities is 
achieved in a first preferred embodiment of the invention, which leads to the layer 
system of Fig. 1, by depositing at first a 5 - 500 nm thin RBazCusC-layer onto a 
substrate la having at least on its surface biaxially textured regions, for example a 
dielectric single crystal or a textured metal tape, with a low growth rate < 1 nm/s 
using a conventional technique, for example sputtering, PLD, CVD, vacuum 
deposition etc.. 

In a second method step, an up to several micrometer thick XBaaCuaOT-functional 
layer 3 is deposited with a high rate deposition method or a fast crystaUization 
onto the seed layer 2. Due to the similarity of the materials of the seed layer 2 and 
the functional layer 3, the growth is ahnost homoepitaxial, i.e. the formation of 
defects close to the surface is suppressed and the quality of the layer improved so 
that high critical current densities > 1 MA/cm' can be achieved. It is to be noted 
that the layer thicknesses in Fig. 1 (and Fig. 2) are only schematic and not to 
scale. 

According to a modification of the first embodiment leading to the layer system of 
Fig. 2, an RBajCusOT-seed layer 2 is deposited onto a substrate la with at least 
one biaxially textured buffer layer (lb) using the mentioned standard deposition 
methods, wherein the RBa^CuaOT-seed layer 2 is also biaxially textured and 
wherein a low deposition rate of < Inm/s is used. This seed layer is followed by 
the XBa2Cu307-fimctional layer 3, which is deposited with a high growth rate > 2 
nm/s. 

Due to the substantially higher deposition rate for the XBaiCusC-functional layer 
3 with respect to the prior art, there are substantial advantages in productivity in 
the manufacture of HTS-layers. 
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Examples: 

1. A 5 - 200 nm thick RBa2Cu307-seed layer 2 is manufactured with a low 
5 growth rate < 1 nm/s using a standard deposition method on a dielectric single 

crystal la, for example MgO, AI2O3, YSZ (yttrium stabilized zirconium oxide) 
or on a biaxially textured metal substrate, such as silver, a silver alloy, nickel, 
a nickel alloy or a composite material comprising these materials. Using a fast 
deposition method with a high rate > 2 nm/s, an up to several micrometer 
10 thick superconducting XBazCuaOy-layer 3 is deposited onto this layer. 

2. A 5 - 200 thick RBa2Cu307-layer 2 is produced with a low growth rate < 1 
nm/s using a standard deposition method on a substrate la having a biaxially 
textured buffer layer lb. The superconducting XBaiCuaOT-layer 3, which is up 

15 to several micrometers thick, is deposited onto this layer using a fast deposi- 

tion method with a high rate > 2 nm/s. 

3. A 5 - 200 nm thick RBa2Cu307-layer 2 is produced with a low growth rate < 1 
nm/s using a standard deposition method on a dielectric single crystal la, for 

20 example MgO, AI2O3, YSZ (yttrium stabilized zirconium oxide) or on a biaxi- 

ally textured metal substrate, such as silver, a silver alloy, nickel, a nickel al- 
loy or a composite material from these materials. Using a fast deposition, a 
precursor layer, which is up to several micrometers thick, is deposited onto 
this layer by chemical or mechanical methods, wherein the precursor layer 

25 comprises the metal components (cations) of the desired superconducting 

functional layer. This precursor layer is transformed by a temperature treat- 
ment with a high transformation rate, preferably > 2 nm/s into a supercon- 
ducting XBa2Cu307-layer 3. 

30 4. A 5 -200 nm thick RBa2Cu307-layer 2 is produced with a low growth rate < 1 
nm/s using a standard deposition method on a substrate la with biaxial tex- 
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tured buffer layer lb. A precursor layer being up to several micrometers thick 
is deposited onto this layer by means of a fast deposition method or by chemi- 
cal or mechanical methods, wherein the precursor layer comprises the metal 
components (cations) of the desired superconducting functional layer. The 
5 precursor layer is transformed by temperature treatment with a high transfor- 

mation rate, preferably > 2 nm/s into a superconducting XBaaCusOy-layer 3. 

5. A 5 - 200 nm thick semiconducting PrBa2Cu307-layer 2 is produced with a 
low growth rate < 1 nm/s using a standard deposition method on a textured 
10 substrate la or a substrate having a biaxially textured buffer layer lb. Using a 

fast deposition method with a high rate > 2 nm/s an XBa2Cu307-layer 3, which 
is up to several micrometers thick, is deposited onto this layer. 

15 
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